Background: Vitamin D deficiency has been associated with a multitude of diseases, ranging from fractures to cancer. Nearly 99% of vitamin D metabolites are bound to proteins, altering the relationship between concentration and activity. Methods & results: Normalized concentrations were calculated and validated using published data regarding the correlation of 25-hydroxyvitamin D with bone mineral density. In addition, healthy and kidney disease subjects were recruited for preliminary investigations. Use of the normalizing equations resulted in statistically significant improvements in the relationship between vitamin D metabolites and several markers of health status. Conclusion: Normalized concentrations are similar to clinically reported values and are easier to interpret than free or bioavailable concentrations, since their values match the range of measured total concentrations. 
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Vitamin D is a family of compounds that contains more than 40 different metabolites [1] . Almost all mammalian cells contain the vitamin D receptor and a large fraction of the human genome is regulated by a vitamin D related pathway, making this vitamin one of the most essential in the human body [2] . In this article, the general term 'vitamin D' refers to cholecalciferol as well as the hydroxylated metabolites unless specifically stated. For most human beings, vitamin D intake is obtained partly from sun exposure and partly from diet [3] [4] [5] . In the northern hemisphere, vitamin D deficiency has become a common diagnosis over the past years mostly due to reduced sunlight exposure. The patients most at risk for vitamin D deficiency are the elderly, infants, residents of northern latitudes, patients with darker skin pigmentation, renal or liver disease patients and obese patients [6] . The main function of vitamin D is to serve as a component of the biological apparatus whereby cells access the information in the genome to carry out cell-specific functions [7] . Recent evidence has shown that the active metabolites of vitamin D may be able to regulate different cellular processes associated with carcinogenesis [8] . Maintaining an optimal level of vitamin D may help in preventing the risk of cancer, mental disease, depression and asthma [1, [9] [10] [11] [12] .
In order to exert biological activity, the vitamin needs to be converted into 25- [9, 13] . Different people have widely different concentrations of plasma binding proteins [14] , and therefore the same concentration of vitamin D can produce very different health outcomes. The free hormone hypothesis states that only hormones free from binding protein are capable of entering the cell and exerting biological activity [13] . While 25(OH)D can enter some cells through the megalin-cubilin mechanism, most biological effects are still found to be more closely related to its free concentration [13, [15] [16] .
Many disease states, as well as advanced age, result in reduced liver synthesis which leads to low levels of albumin and other plasma proteins [17, 18] . Depending on the concentration of plasma proteins and their genetic polymorphism, the free concentration of drugs and hormones can change unpredictably [17, [19] [20] [21] [22] [23] . This interindividual variability in free concentrations and protein binding makes interpretation of total concentrations complicated, contributes to the difficulty in determining vitamin D status, and is most likely the cause for several conflicting reports of vitamin D associations [24] . The plasma proteins that vitamin D compounds bind to most commonly are albumin and vitamin D binding protein (DBP).
Vitamin D binding protein, also known as groupspecific component (Gc-globulin), is a single chain polypeptide with a molecular weight of about 58 kDa [25] [26] [27] . Levels of DBP remain stable from birth with limited deviation; any major changes in DBP concentrations can be attributed to hepatic diseases or pregnancy, as there is no evidence of seasonal variations [25, 27, 28] . DBP is the only protein that is capable of binding to vitamin D, vitamin D metabolites and G-actin with a high affinity [25, 29] . It has been observed that 85-90% of circulating vitamin D metabolites are bound to DBP and 12-15% are bound to albumin [25, 30, 31] . The higher percentage bound to DBP is due to a much higher affinity towards the metabolites. The most commonly used affinities of DBP and albumin towards cholecalciferol metabolites can be found in Table 1 .
Vitamin D status in the body is commonly determined by measuring the total concentration of 25(OH)D [10, [34] [35] [36] . This metabolite is found in the blood at nearly 1000 times greater concentration than the biologically active metabolite 1,25(OH) 2 D and is relatively more stable [5] . The half-life of 25(OH)D is about 3 weeks, making it much easier to measure than 1,25(OH) 2 D, which has a half-life of only about 4 h [37] . Analysis of 1,25(OH) 2 D is commonly limited to patients that suffer from diseases where vitamin D status needs to be more closely monitored such as lymphoma, hypercalcemia, sarcoidosis or other granulomatous diseases, and rickets [10] .
The optimal level of 25(OH)D is uncertain and varies depending on the different stages of life and whether skeletal or nonskeletal outcomes are examined [6] . Current guidelines state that 25(OH)D levels around 75 nM are sufficient to maintain a healthy status, whereas levels less than 37 nM are insufficient. However, there are many different opinions on what the 'optimal' or sufficient concentration of 25(OH) D should be, with some practitioners recommending levels as high as 150 nM [38] . Health risks caused by low concentrations of vitamin D have become a popular topic in the scientific community and there is a growing public awareness of these health risks which, in turn, has created strain on laboratories and a need for analytical method improvement due to increased scrutiny and controversy in an effort to interpret the results of analysis. The current difficulty in establishing optimal vitamin D levels is partly caused by weak correlations with clinical outcomes or other biomarkers [1,9,13]. Recently, it has been shown that some of these low correlations are caused by interpatient variability in albumin and DBP. Furthermore, current assays for measurement of 25(OH)D and 1,25(OH) 2 D measure both bound and unbound metabolites and results may be affected by changes in DBP concentrations [39] . Some newer publications are proposing that vitamin D status should be based on measurement of free 25(OH)D [40] . Recent modeling efforts and clinical studies strongly support the need to account for changes in free concentrations and plasma protein binding between patients [14] , but there is no quantitative basis for these adjustments.
Measuring the concentration of bioactive compounds is essential for optimizing pharmacotherapy and provides the basis for studies involving pharmacokinetics and pharmacodynamics. To compensate for differences between patients, a normalized concentration of the bioactive compound can be calculated. The normalized vitamin D metabolite concentration for a particular patient would be the concentration that produces a similar pharmacodynamic effect in an individual with average body composition in which the normal levels of various markers are usually established. One of the most widely accepted ways to normalize concentrations for a particular individual is based on calculating the total concentration that would generate the same free concentration in an individual with average plasma protein binding. From our previous work [14] 
Materials & methods

Normalizing equation
Vitamin D metabolites bind to two proteins, each with one binding site. Using the model 'Drug that binds to two proteins' described in our previous work [14] , the equation for determining the normalized concentration was set up as where C Dn is the normalized vitamin D metabolite concentration, C f is the free vitamin D metabolite concentration, B 1 is the number of molecules of vitamin D metabolite bound per molecule of albumin, B 2 is the number of molecules of vitamin D metabolite bound per molecule of DBP, C mn 1 is the normal (average) concentration of albumin (considered to be 662 μM in this article), and C mn 2 is the normal concentration of DBP (5.7 μM in this article). The values for average protein concentrations were obtained from previous larger studies [14, 16, 41] .
The values of C f , B 1 , and B 2 can be determined from the following equations: 
where K 1 is the binding constant of the vitamin to albumin, K 2 the binding constant to DBP, C bo1 is the concentration of vitamin bound to albumin, C bo2 is the concentration of vitamin bound to DBP, C mo1 is the concentration of albumin in the sample and C mo2 is the concentration of DBP in the sample. The values of the binding constants used for the normalizing equations can be found in Table 1 ; this information was obtained from previously published research [32, 33] .
Using Equations 3, 4 & 5, a system can be formed with three unknowns that can be solved for the free drug concentration (C f ) in the sample. Alternatively, the free concentration value can be measured in the sample. Subsequently, the values of B 1 and B 2 can be calculated and plugged into Equation 2 to compute the normalized concentration of vitamin D metabolite in any sample. More detailed equations are given in the Supplementary Data file.
Relationship between the concentration of 25(OH)D & bone mineral density
The normalizing equation was first applied to data from a previously published paper, where the authors examined the relationship between vitamin D, DBP, and bone mineral density (BMD) [ 
Blood collection & sample analysis
Blood samples from healthy volunteers (n = 15) were collected and analyzed for calcium, phosphate, albumin, alkaline phosphatases, parathyroid hormone (PTH), total cholesterol, total 25(OH)D and DBP. The blood samples taken from the healthy volunteers were collected near the end of winter in the northeast USA. All of the healthy volunteers were college students with normal physical activity levels. None of the healthy volunteers took vitamin D supplementation. BMI over 25 was considered overweight. After an overnight fast, blood samples of approximately 15 ml were obtained in a vacuum blood collection tube from each subject by a licensed phlebotomist. Both serum and plasma portions were collected, made into aliquots, and stored at -80°C. Blood samples of chronic kidney disease (CKD) patients (n = 23) were collected from a previous study, with similar blood collection parameters. None of the CKD patients received any ergocalciferol or cholecalciferol amounts greater than 2000 units for at least 3 month as a requirement for clinical study inclusion. Clinical parameters were measured by standard techniques. Total 25(OH)D measurements were performed by the Diasorin Liaison direct competitive chemiluminescence immunoassay for the CKD subjects and Siemens Centaur XP for the healthy subjects (the two sets of samples were obtained at different times and different funding sources were available for analysis). 
Results
Relationship between the concentration of 25(OH)D & bone mineral density
Powe et al. investigated the relationship between total and free 25(OH)D and lumbar spine bone mineral density (BMD). The authors found the free concentration as well as the bioavailable 25(OH)D (free plus albumin-bound compound) demonstrate better correlation to BMD than measured 25(OH)D levels [13] . By applying the normalization equation to their data, a similar improvement in correlation and significance was found, as shown in Figure 1 . Normalized concentrations corresponding to free concentrations can be calculated using both albumin and DBP as binding proteins. Normalized concentrations corresponding to bioavailable concentrations can be calculated using only DBP as the binding protein. Fifteen healthy subjects and 23 CKD patients were included in the analysis with an average age of 24.5 ± 2.6 and 67.4 ± 7.3, respectively (Table 2) . CKD subjects had significantly higher calcium, creatinine, parathyroid, glucose and blood urea nitrogen concentrations than healthy subjects. The estimated creatinine clearance was significantly higher in the healthy population. The average measured 25(OH)D for the healthy volunteers, 17.5 ng/ml, was lower than the CKD group. While the vitamin D concentrations were lower in the healthy group of volunteers, it is not surprising to find low vitamin D levels in young healthy individuals residing in northern states [42] , especially near the end of winter. DBP concentrations ranged from 1.2 μM to 22.1 μM. Although there are some concerns regarding the accuracy of the method for measuring the levels of DBP in blacks, our study population included only one black in the CKD group. As better assays for measuring DBP become available, it is likely that the correlations reported in this paper will improve. Also, given the low number of participants, no provisions were made for differing genotypes -especially considering that some studies indicate similar affinity of DBP genetic variants for vitamin D metabolites [43] . Furthermore, the sensitivity of the resulting normalized concentrations to changes in the binding constants is rather small; the results are similar even with binding constants that are 2-3 times different from those in Table 1 . PTH levels in the CKD volunteers were significantly higher than in healthy subjects. Table 3 . Although calcium demonstrated a significant correlation with measured 25(OH)D, normalization further strengthened the relationship demonstrating a significantly improved linearity (Table 3 & Figure 3) .
Correlations between 25(OH)D and clinical measurements in CKD subjects achieved statistical significance for calcium and PTH plus calcium only after adjustment for creatinine clearance (Table 4) . Similar results and improvements in clinical parameters relationships after adjustment for creatinine clearance were also seen for normalized 1,25(OH) 2 D (Table 5) .
Discussion
Validation
To validate the newly proposed normalization equations, they were initially applied to data found in other publications where the authors provided sufficient information to allow for calculating the normalized concentration of vitamin D metabolites. Based on the data shown in Figure 1 , the newly proposed metric of vitamin D status (normalized concentration) was as good at improving correlations as previously published methods based on free or bioavailable concentrations. This was not unexpected, since this initial attempt at normalizing the concentrations of vitamin D metabolites was based on equalizing the free concentrations between the investigated patient and the 'average patient.' Therefore, all previous publications reporting improved correlations for free or bioavailable vitamin D metabolite concentrations [9, 13, 15, 16, 19, 40] are in support of the newly proposed method for normalizing the vitamin D concentration.
Direct measurement of free concentrations is expensive, labor intensive, time consuming, and suffers from low accuracy -especially when based on immunoassays. While other investigator equations return a bioavailable concentration, that is, orders of magnitude different from the total concentration [13, 24] , the newly proposed normalizing equation returns values in the same range as the measured total concentration. All previous equations for calculating free or bioavailable vitamin D metabolites are based on simplistic models for evaluating the free fraction of testosterone in serum [40] . Some other advantages of the new normalizing equation over previous methods include straightforward inclusion of any binding model and any number of binding proteins as well as considerable flexibility in adding new parameters to the procedure. Furthermore, the normalized concentrations can also be obtained based on measured free concentrations when they are available [40] , which might further improve the observed association with pharmacological effects.
Description of the interaction between vitamin D metabolites and specific human plasma proteins was based on a thorough review of the data available in current scientific literature. The concentration of plasma proteins is dependent on factors such as age, genotype, nutritional status and disease state. The normalized concentration of a compound for a particular patient is the concentration that would produce a similar pharmacodynamic effect in an individual with average body composition. This is important as there is a shift towards more personalized treatment options The concentration of DBP has a higher influence in the equation than albumin, since vitamin D metabolites have a higher affinity for DBP than they do for albumin. The concentration range of DBP is much wider than the concentration range of albumin, further increasing the influence of DBP on the normalized concentration. Nevertheless, the concentration of albumin in plasma is about 100 times higher than that of DBP, making it necessary to include it in the calculation of the normalized concentration. The normalization procedure is applied the same way regardless of the vitamin D metabolite and protein concentrations; however, the correlations with effects might be better at certain concentrations and certain effect levels, since the relationship between logarithm of concentration and effect is linear only between 20 and 80% of maximum effect.
Preliminary study
In our preliminary studies on a small group of volunteers, of all the markers investigated, calcium saw the greatest increase in correlation in the healthy individuals when the normalized concentration was used. Based on r 2 values (0.31 for measured and 0.64 for , the normalized concentration was at least two times better than the measured concentration at explaining the variability in serum calcium among volunteers. Positive linear associations between ln[25(OH)D] and calcium have also been previously reported by several other studies based on much larger sample sizes [13, 19, 40, 44] . We hypothesize that such correlations were not observed more often since most studies so far overlooked the influence of albumin and DBP on the association. The interassay variability caused by using different platforms for analysis of vitamin D metabolites for the healthy and CKD volunteers was not an issue since the two sets of data were analyzed independently of each other.
Accumulation of uremic toxins [45] and changes in acid-base status [46] in CKD interfere with homeostatic protein binding. These pathologic changes result in poor or nonexistent correlations for commonly associated protein bound markers such as calcium in CKD. Such disassociated relationships could be attributed to our lack of association between calcium and measured 25(OH)D seen in our study population of CKD patients. To account for the degree of impaired binding abilities, CKD patients' markers were adjusted for kidney function. Significant improvements in association between normalized 25(OH)D and 1,25(OH) 2 D with calcium with kidney adjustment illustrates the flexibility of our equations to adjust for common disease states that might influence protein binding. A lack of association with PTH alone for the measured or normalized vitamin D values is not unexpected [47] . In CKD, secondary pathologies further complicate the vitamin D-PTH-Calcium axis. Thus, combining the PTH and calcium together and adjusting for kidney function provided a stronger association with normalized 25(OH) D values. DBP has the greatest affinity for 25(OH) D, whereas due to steric hindrance of the additional hydroxyl group, the affinity for 1,25(OH) 2 D is 10-to 100-folds lower [43] . Yet, similar results were seen with marker values adjusted for kidney function and normalized 1,25(OH) 2 D, albeit less significant associations.
Lipid soluble properties of vitamin D metabolites allow for their sequestration within excess adipose tissue. Obesity is commonly considered a risk factor for vitamin D deficiency in health and disease. The influence of increased volume of vitamin D distribution seen in obesity can obscure the relationship between vitamin D concentrations and biological activity when excessive weight has not been standardized. Furthermore, obesity may play a role in reducing vitamin D bioavailability and serum concentrations [48] . Our normalized 25(OH)D values significantly enhanced the correlations with BMI in overweight individuals. Using data from previously published research articles showed that the normalized concentration of 25(OH)D is as useful as the free or bioavailable fraction in interpreting vitamin D status. The use of this equation and the correlations that were created can lead to a more meaningful exploration of the vitamin D status in various populations. This, in turn, will allow for a more personalized treatment or supplementation plan The main advantages of our approach are: easy comparison with other publications based on total concentrations; returns values that are in the same range as the results of total concentration measurement done in the clinical lab -facilitating integration with previous guidelines regarding optimal levels of vitamin D metabolites; better for comparing the values in different patients (because of normalization); better for calculating dosage regimens (based on volume of distribution for total concentration); and can be easily adjusted to include other factors that influence the biological activity of vitamin D (such as the megalin-cubilin mechanism). The newly proposed method for normalizing the concentration of vitamin D metabolites is applicable for any concentration values for metabolites and binding proteins [14] .
Conclusion
Some limitations in our investigation are worthy of mention. Genetic polymorphisms in the DBP result in altered protein binding [49] and highly variable DBP levels [24] . Although genetic variants were not determined in this study, the new equations do account for the DBP levels which may alleviate partially the need for genotyping to determine likelihood of having low or high DBP levels. Newer more accurate measurement of the binding constants for vitamin D metabolites with various DBP variants and albumin could strengthen this research and most likely improve the correlations. Interestingly, the literature published within the past 5 years, including the current study, still uses binding constants determined by Bikle et al. in 1986 .
Future perspective
The results presented here can be a useful guide for future research done with a larger number of subjects which will increase the statistical power. No writing assistance was utilized in the production of this manuscript.
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